Aerosol synthesis of materials is a vibrant field of particle technology and chemical reaction engineering. Examples include the manufacture of carbon blacks, fumed SiO 2 , pigmentary TiO 2 , ZnO vulcanizing catalysts, filamentary Ni, and optical fibers, materials that impact transportation, construction, pharmaceuticals, energy, and communications. Parallel to this, development of novel, scalable aerosol processes has enabled synthesis of new functional nanomaterials (e.g., catalysts, biomaterials, electroceramics) and devices (e.g., gas sensors). This review provides an access point for engineers to the multiscale design of aerosol reactors for the synthesis of nanomaterials using continuum, mesoscale, molecular dynamics, and quantum mechanics models spanning 10 and 15 orders of magnitude in length and time, respectively. Key design features are the rapid chemistry; the high particle concentrations but low volume fractions; the attainment of a self-preserving particle size distribution by coagulation; the ratio of the characteristic times of coagulation and sintering, which controls the extent of particle aggregation; and the narrowing of the aggregate primary particle size distribution by sintering.
INTRODUCTION
Everyday aerosols are seen as clouds, fog, smoke, or sprays. Less obviously, 28 wt% of each tire consists of fluffy, aerosol-made carbon black particles. If not for these particles, whenever one changed the oil in a car, one would have to change the tires as well. Even though still we do not know for sure how such particles increase the strength of rubber, we certainly take advantage of it.
This review envisions (chemical) engineers confronted with the design of aerosol processes for nanomaterial synthesis: a daunting task given the limited knowledge of product properties and a priori process understanding. First, the process sequence is introduced with a focus on its critical components (reaction and heat transfer). Then key characteristics of nanomaterials are identified with a focus on the unique filamentary structure of aggregates and agglomerates consisting of PPs. The dominant aerosol phenomena (coagulation and sintering) that are responsible for this structure are highlighted along with the unique features that facilitate multiscale aerosol process design for nanomaterial synthesis.
Classic continuum models ( Figure 1a ,b) describe the effect of process variables (e.g., temperature, concentration) on product characteristics (e.g., particle size, morphology, crystallinity) over the entire process residence time and reactor volume. Depending on the state of knowledge about the nanoparticle properties (e.g., diffusivity, coagulation, or sintering rate), models with increasing sophistication are employed for property determination. For example, mesoscale models that treat particles as geometric bodies are used to calculate the coalescence rate (Figure 1c ) or the transport properties and coagulation rate (Figure 1d ) of multiparticle structures that are not adequately described by single spheres in conventional continuum models. More accurately and elegantly, the two-particle coalescence rate (Figure 1e ) of such structures can be described by molecular dynamics models accounting for the interatomic interactions with pairwise potentials. These potentials can be determined with quantum mechanics models that account for the electronic structure of matter.
The multiscale modeling is elucidated with particle dynamics and chemistry along with the fluid mechanics that frame process design for aerosol synthesis of materials. Finally, the unique features of aerosols in process design are summarized to highlight some of their emerging applications. Figure 2 shows the steps in the aerosol synthesis of nanomaterials from raw materials to reactor and cooling sections to eventual particle collection with gas treatment and recycling. Coating and functionalization are shown as side pathways, as they are carried out typically by wet chemistry processes. There is keen interest in bringing them to the gas phase to facilitate aerosol synthesis of the final products in one sequence.
PROCESS OVERVIEW

Raw Materials
Depending on intended product composition, appropriate precursors are selected and aerosolized to facilitate their rapid conversion to the final product. Economics dictate the lowest possible precursor cost, although high-end products (e.g., biomaterials) can afford far costlier raw materials. Gaseous precursors are preferred but are rarely available; a notable example is gaseous SiH 4 , which is used in the synthesis of silicon metal, originally for microelectronics (14) and recently for solar applications (15) . Typically, liquids such as Ni(CO) 4 , TiCl 4 , or SiCl 4 and more rarely solids such as metals (used in inert gas condensation) (16) or halides (e.g., AlCl 3 ) are evaporated/sublimated and then thermally decompose or react with O 2 or air for the commercial synthesis of metal and ceramic particles.
Liquid precursors can be sprayed directly into the reactor to undergo evaporation and (partial) combustion, as occurs for hydrocarbons in the manufacture of carbon blacks (17) . More recently, precursor solutions have been sprayed and combusted for the synthesis of an array of sophisticated mixed ceramics (18) and metals (19) by judicious selection of precursor and solvent composition (20) . Even solid precursors can be dispersed in hot-wall (21) , plasma (22) , and flame reactors (23) , although dosing of solids to maintain constant product composition is more challenging than that of gases or liquids.
Reactors
The reactor provides the high-energy environment needed to evaporate the precursor and/or drive the chemical reactions in material synthesis. Various types of reactors have been developed. A flame reactor is the simplest and energetically most favorable (24) because the energy of the precursors and fuels is used directly for synthesis of powders and films. As a result, flame reactors produce 80--90% by value and volume of the commercially available aerosol-made products today (2) and are most promising for the synthesis of catalysts (25) , metals and biomaterials (19) , gas sensors (26), magnetic nanocomposites (27) , and even nutritional materials (28) .
Hot-wall reactors use fuel combustion or electricity to heat precursors as they flow through a ceramic or metal tube in order to evaporate solids (e.g., Zn metal for synthesis of ZnO catalysts for rubber vulcanization), to drive SiCl 4 oxidation in lightguide preform fabrication, to decompose SiH 4 for silicon synthesis (14) , to decompose Ni(CO) 4 for synthesis of filamentary Ni (29) , and to pyrolyze sprays of inorganic salt solutions (30) or powder mixtures by laser flash evaporation (31) for the synthesis of carbides, borides, and other materials (21) . Hot-wall reactors have well-defined temperature and residence time distributions and produce approximately 10% by volume and value of commercially available aerosol-made products (2).
Plasma reactors use various electrode configurations to create a gas containing electrons, ions, and/or charged nanoparticles (plasma) (9) . Plasma reactors can produce narrow particle size distributions (32, 33) because Coulomb forces limit Brownian coagulation (34) . Extremely high temperatures (thermal plasmas) are capable of evaporation or decomposition of solid precursors (22) . Low temperatures (nonequilibrium plasmas) are also possible for coating sensitive materials (35) . Plasmas are used commercially to coat surfaces with ceramic and metal films (e.g., Nova AG) and are quite promising for chemical vapor deposition (CVD) synthesis of super-hard carbide films (36) , luminescent Si nanoparticles (32, 33) , and heterogeneous catalysts (10) . Plasmas can be also created in other aerosol reactors when an electric field is generated, such as by placing needle or flat electrodes around the plume of an aerosol reactor (37) or by spark aerosol generators.
Microwave (38) and laser reactors (39) use a microwave cavity and a laser beam, respectively, to provide a high-energy environment and create a plasma as above (9) . In addition, lasers are directed onto surfaces to get materials into the gas phase for the synthesis of nanomaterials by laser ablation (40) . Microwave reactors have been used to make sizecontrolled Si nanoparticles on the laboratory scale at up to 10 g h −1 (41) . Laser reactors have been considered for the synthesis of nonoxide materials and solar silicon, and start-up companies have even been created (e.g., Nanogram), but actual products have made little impact so far.
Inert gas condensation sparked the field of nanotechnology with the synthesis of nanostructured metals and ceramics (16, 42) . This technique involves evaporation of metal vapor in low pressure, cooling by natural or forced convection, and collection of nanomaterials on cold surfaces. Although some start-up companies (e.g., Nanophase) have used inert gas condensation, few products have been made commercially, in contrast to the technique's academic impact.
Cooling
Typically, aerosols must be cooled properly for development of the desired crystallinity as well as for collection and storage. Drastic cooling can occur through direct spraying of water onto, for example, a freshly made carbon black plume to stop further combustion (17) . However, cooling is done usually either by classic shell and tube heat exchangers (e.g., in the synthesis of rutile pigments) or by expansion of the freshly made aerosol plume (21) . Aerosol reactors can provide extremely high cooling rates that permit capture of metastable crystal phases (25) . Particle deposition to the cold tube walls must be avoided by all means. Significant effort has been devoted to this in large-scale manufacture of nanomaterials, as such deposits clog the process, and their resuspension contaminates the product (6).
Collection, Storage, and Gas Treatment
Particles are collected quite efficiently with cyclones and baghouse filters and stored in hoppers (17) or electrostatic precipitators (43) . Filtration is reasonably well understood, although there is a continuous quest for lower costs, improved efficiency, and better understanding, especially of collection of ramified nanoparticles that form porous cake structures (44) . Such structures possess high surface areas that can be easily contaminated, and contaminants can even induce changes in size and composition upon collection (45) and storage. The environment and temperature of collection and storage units is controlled to avoid undesired phase transformations, aggregation, and even dust explosions when combustible materials (e.g., carbon blacks, metal powders) are stored. In addition, the hydration and fluffiness of particles must be preserved. Furthermore, prior to storage, process gases adsorbed on the particles [e.g., HCl on fumed silica (46) or H 2 O on lightguide preforms (47) ] are removed.
Direct aerosol deposition or collection by thermophoresis and/or impaction is used in the manufacture of lightguide preforms (47) , refractory coatings (36) , and Au electrodes for gas sensors (48, 49) . Electrical fields are also used in deposition of ultrathin lines of nanoparticles for microelectronics (50) . Gases accompanying the aerosol synthesis of materials are either recycled, as with the Cl 2 from titania production by oxidation of TiCl 4 used in chlorination of rutile and ilmenite ores, or sold separately, as with HCl in the synthesis of fumed silica and lightguide preforms by hydrolysis of SiCl 4 . Another advantage of these chlorine cycles is that they do not produce CO 2 during their chemical reactions, in contrast to hydrocarbon-fed flames. In some processes, recyclable materials include solid by-products, for example, TaCl 5 reacting with Na vapors results in NaCl coatings during flame synthesis of tantalum powders with ultra-high surface area for electronics (51) .
Conditioning: Coating and Functionalization
Rarely are particles used as prepared. Typically their functionality (opacity, magnetism, color) needs to be preserved while the particles are incorporated in appropriate liquid or solid matrices and devices. Coated particles can be formed in one aerosol step when the core and shell materials have vastly different precipitation rates and compatible surface energies, such as with V 2 O 5 -coated TiO 2 catalysts (52) or carbon-coated TiO 2 (53), LiFePO 4 , (54) and metals (19) .
Most commonly, however, coating and functionalization are carried out in liquid solutions. Particle surfaces are conditioned by precipitation or impregnation of thin layers or functional groups. This is followed by collection, drying, and mild annealing to avoid changes in core particle composition and morphology. This multistep task (55) essentially doubles the manufacturing cost of such particles (e.g., pigmentary titania).
As a result, there is interest in developing gas-phase coating and functionalization processes that can occur before particle collection (Figure 2 ). Freshly aerosol-made TiO 2 , Fe 2 O 3 , Si, and Ag particles have been coated in situ with nanothin SiO 2 (56) or ZrO 2 shells (57) in sequential aerosol processes. The hermetic and smooth or granular texture of such shells is important for their applications (55) . Lower process yield, however, because of the presence of unattached shell material or uncoated (bare) core particles, has motivated the development of continuum models for aerosol coating (58) . In situ functionalization (attachment of organic groups) on such particles further facilitates their incorporation into liquidsand subsequent suspension stability (59) . Atomic layer deposition has been used in fluidized beds to scalably coat particles with thin oxide layers (60). Molecular layer deposition followed by calcination has resulted in controlled pore diameter, high--surface area nanothin ceramic films (61) .
PROCESS YIELD AND PARTICLE CHARACTERISTICS Process Yield or Efficiency
The yield or simply the mass balance is the first condition to be satisfied in design simulations and benchmarking with experimental data. This is essential, as the finest particles can be lost easily during collection either by diffusion to reactor walls or escape with exhaust gases, which can distort comparisons between model predictions and data (see sidebar, Nanoparticle and Health). It is not unusual in laboratory units to have yields ranging from 50 to 90% depending on a single process variable, e.g., oxidant flow rate (62) .
Typically, maximum yield is sought, which requires reactants to fully convert to the product. Aside from the obvious economics, process/product quality issues exist also. Particle deposits and accumulation to reactor walls can disrupt the process (reactor clogging) or deteriorate product quality by resuspension and inclusion in the product. Furthermore, partially converted precursors may deposit and contaminate the product particles. In some products, however, reduced yield can be tolerated to assure the high quality of the product, as is true for electronic films produced with CVD. For example, in the aerosol deposition of films, particles may escape target substrates to reduce substantially and acceptably the process yield. This also occurs in the synthesis of optical fiber preforms, which have particle deposition yields by thermophoresis of approximately 50% (63) .
Morphology: Primary Particles, Aggregates, and Agglomerates
One of the key (and sometimes attractive) characteristics of aerosol-made materials is their filamentary structure. Aerosol processes form clusters of particles that are loosely attached to each other by physical forces (e.g., electrostatic, van der Waals) without any necking between the so-called PPs. These clusters are called soft agglomerates or just agglomerates and can be dispersed or broken into their constituent particles by applying adequate energy (e.g., shear, ultrasonic) (64) . When PPs form necks between them, they are held together by chemical (e.g., covalent, ionic) forces. These are hard agglomerates or aggregates that are difficult to break into their constituent particles (65) .
Agglomerates can be easily dispersed into liquid matrices, an attractive feature for paints and nanocomposites. Aggregates are preferred in catalyst pellets, lightguide preforms, and sensor films because they facilitate fluid transport between particles without restructuring that would collapse them into compact structures with smaller pores, which would result in high pressure drops and lower transport rates (64) . Aggregates are particularly attractive for sensors and electroceramics because their necks form long crystal planes that minimize contact resistance as well as facilitate electron flow (66) and strong sensor signals (67).
The structure of aerosol-made agglomerates is similar to that of mathematical fractals, which greatly facilitates their description and processing. Fractal-like agglomerates (68) follow a power law relating their number of PPs, n p , to agglomerate size (radius of gyration, r g ; mobility diameter, d m ; or projected area, a a ):
where D f , D fm , and D a are appropriate fractal dimensions; k n , k m , and k a are appropriate preexponential factors (e.g., lacunarity); and r p , d p , and a p are the PP radius, diameter, and surface area.
Aerosol-made agglomerates grow typically by diffusion-limited or ballistic cluster-cluster agglomeration (equivalent to coagulation) in the continuum or free-molecule regimes, respectively, with D f = 1.78 (69) (71) . Recent mesoscale simulations indicate that during coalescence or sintering of such structures, a strong relationship exists between constituent PP number and diameter regardless of sintering mechanism and material composition (73a). Such relationships further facilitate characterization of these particles and greatly simplify process design.
Size
The size of PPs is essential for nanomaterial performance, whereas the size of their aggregates or agglomerates affects handling and processing. Both can be measured by counting particles in microscopic images, which requires at least 100 particles for a reliable average size and approximately 500 for polydispersity, e.g., geometric standard deviation (74) . Nitrogen adsorption is used routinely to measure specific surface area and to determine the average PP size. By inversion of aerosol light scattering, the agglomerate or aggregate size lumped together (without distinction) can be obtained with some assumptions about the shape of their distribution, although the average PP size must be known, typically from microscopy (75) . Small-angle X-ray or neutron scattering can be used to estimate all three sizes, as such wavelengths facilitate scanning four to five orders of particle sizes. Inversion of such spectra is not trivial, however, as it requires sophisticated software and assumptions about the shape of the size distributions. Nevertheless, it is possible to obtain quite reliable PP sizes and, most importantly, to distinguish between aggregate and agglomerate sizes (76) , especially when such particles are dispersed in polymers (77) .
Mass-mobility measurements offer the potential to measure the mobility and structure of aggregate or agglomerate particles without any assumptions about their size distribution shape (78) . The degree of aggregation or agglomeration can be estimated by comparing the mobility and PP diameters (79) .
Particle size measurements must be kept in mind when one designs aerosol processes and compares simulations with experimental data. For example, if diameters are compared, consistent averages of the particle size distribution should be used. For example, microscopy typically gives a number-average diameter, whereas nitrogen adsorption gives the Sauter diameter (a surface-volume average). Number-, surface-, and volume averages of the number or mass distribution of the same particle sample can differ by as much as 300% (80) .
Crystallinity
The crystallinity of nanoparticles is often a key element in their performance. For example, rutile is preferred over anatase in pigmentary TiO 2 for its superior light scattering and opacity, whereas anatase is preferred in catalysis. Crystallinity is typically measured by Xray diffraction with appropriate software to extract the crystal size and phase composition as well as the bimodal size distributions of a crystal phase. Comparable PP and crystal sizes indicate monocrystalline particles. Crystal phase composition is determined by the conditions in the reactor and cooling sections. For example, wustite, maghemite, or magnetite Fe 2 O 3 can be made by flame spray pyrolysis by controlling the precursor and (oxidative or reducing) gas compositions (81) . Dopants are also used to promote formation of specific phase compositions. For example, Al promotes synthesis of rutile, whereas Si promotes anatase TiO 2 (82) in hot-wall (79) and vapor-(37) and liquid-fed flame reactors (56) .
DESIGN
Each process step (Figure 2) affects product particle characteristics. Therefore, a thorough design must account for all steps. However, two steps, reactor and cooling, determine crystal and grain or PP size and composition in a way that is nearly impossible to alter in subsequent processing or finishing (as it is called in practice). Thus, the design of reactor and cooling units is essential to the aerosol synthesis of materials. In the reactor, process temperature and pressure rapidly increase by either internal (flame) or external (hot-wall, laser beam, discharge) heating that drives precursor conversion as well as product aerosol formation and early growth. Once the precursors are consumed, the temperature gradually drops, but aerosols continue to grow by coagulation and sintering, which results in the signature morphology of filamentary aerosol-made materials. Figure 3 shows a typical evolution of average particle diameter by coagulation and sintering at nonisothermal conditions on a single streamline in an aerosol reactor (64) . Early on (Figure 3 at t < 8 × 10 −5 s), when the precursor has just been consumed and high temperature and small particle sizes prevail, the characteristic time for coagulation, τ c , is much larger than that for sintering, τ s . The PPs rapidly fuse upon collision, which results in compact particles until they reach a size (and/or temperature) at which τ c ~ τ s (Figure 3 To design aerosol processes for nanomaterial syntheses, one needs to quantitatively describe the above particle dynamics at nonisothermal conditions with fluid mechanics as well as the precursor chemistry using multiscale models of increasing sophistication depending on the uncertainty of the particle properties and available supporting information. For example, the diffusivities and coagulation rates of spherical particles (1--1,000 nm) are well understood through the Stokes-Einstein and Fuchs equations, respectively (83) . As a result, they can be readily implemented in continuum models of fluid and particle dynamics to calculate particle growth and deposition on reactor walls (Figure 1a,b) . In contrast, the diffusivity of aggregates or agglomerates, accounting for their size and structure, can be determined by mesoscale models (Figure 1c,d ) before the diffusivities are employed in these continuum models. The above models also describe properties of agglomerates such as their diffusivity as well as the PP coordination number for use in MD simulations of particle sintering; determination of the evolution of agglomerate fractal dimension during fragmentation, restructuring or sintering (84) ; and calculation of the coagulation rate at high particle concentration (85) as an input parameter to continuum models.
MD simulations provide a much more detailed description of PP dynamics by treating each atom or ion separately. The increasing number of interactions between atoms that must be calculated, however, limits MD to systems that are smaller in both length and time. For bottom-up nanoparticle growth, the rate of particle coalescence (sintering) is important. The nanoparticle sintering rate can be described by MD through the detailed atomic motion from interatomic potentials, but these are not available for every material and especially for material mixtures. Development of such potentials is not easy and is frequently based on empirical fits to macroscopic properties (e.g., crystal lattice, elasticity) or more conveniently on simplified results of quantum mechanics calculations based on first principles (86).
With MD it is possible to obtain the characteristic sintering times (Figure 1e ) of nanoparticles (87) or evaporation rates (Figure 1f ) of nanodroplets (88) . Such information can be used, for example, in mesoscale and continuum models of aggregates undergoing sintering for use in continuum reactor design models. Furthermore, MD simulations with classic potentials accelerate the search for minimum energy structures for geometry optimization calculations with quantum mechanics methods (89) , which allow accurate material simulations but are limited to tiny systems on the order of 10 to 100 atoms depending on accuracy. Quantum mechanics models allow investigation of chemical reaction rates and mechanisms that can be incorporated directly into continuum models. Combination of these methods leads to multiscale models for aerosol processes that describe the effect of process variables (precursor concentration, flow rate, temperature, cooling rate) on product particle characteristics (primary, aggregate, and agglomerate size, size distribution, morphology, and structure) that determine performance (4) in passive nanostructures (coatings, dispersions) and active devices (sensors, battery cells, etc.). Particle dynamics, chemistry, and fluid mechanics constitute the established continuum models in the design of aerosol processes in material synthesis, as examined below.
Particle Dynamics
Despite the high particle concentrations used in the aerosol synthesis of materials even at industrial conditions (e.g., titania production), rather small (ϕ = 10 −3 --10 −4 ) solid volume fractions are employed at huge Re numbers, up to 10 5 --10 6 , and production rates up to 25 t h --1 . Following Levenspiel's classification, these reactors are best characterized as transport reactors (3) . In contrast to packed (φ = 0.5) or fluidized beds (φ = 0.01--0.1) in which particles affect fluid flow, in aerosol reactors particles barely influence fluid flow, chemistry, and process temperature. As a result, analytical (e.g., laminar flow) or numerical solutions [via computational fluid dynamics (CFD)] to momentum, energy, and mass balances (Navier-Stokes equations) give the temperature and velocity profiles of reactive flows (90) . Then the evolution of particle characteristics along the reactor can be described by the general dynamics equation for aerosols for the rate of change of particle concentration, n(v p , t), of volume, v p (68):
2.
The first two right-hand-side terms account for coagulation, the third for nucleation, and the last for condensation or surface growth. Depending on how particle shape is quantified (length, surface, volume, structure), this equation must be written in two or more particle variables (or size dimensions). For the typical fractal-like particles made by aerosol processes (see section on morphology and structure above), Equation 2 is solved using volume and surface area as the two particle size dimensions by extending a 1D sectional technique (91) to the two size dimensions (92) . That way the interplay of coagulation and coalescence is elucidated through the evolution of the detailed particle volume and surface area distributions, which provides process insight. This explains, for example, why fumed silica has a more filamentary structure than titania made at identical hot-wall reactor conditions, in accord with experimental data (93) . This knowledge also facilitates the development of simpler models (94) that capture the essence of the process and can be readily interfaced with chemistry and fluid dynamics models, as shown below. Despite their computational demands, even 3D (finite volume) population balances are now routinely used throughout particle technology (e.g., granulation) with particle size, binder content, and agglomerate porosity as variables (95) .
Nevertheless, the computational demands of detailed representations of the size distribution have motivated the development of models in terms of the moments of that distribution. Various approaches have been used to close these moments by forcing a lognormal shape (96, 97) , interpolating between integer moments (98), or using more elaborate schemes (99) addressing even multidimensional size distributions (100, 101). A disadvantage of moment models is associated with the nonuniqueness of reconstruction of the particle size distribution from its moments (11, 98) . Nevertheless, moment models have been used in the design and operation of lathes for fabrication of lightguide performs by modified CVD (MCVD) on an industrial scale; in this case the focus was more on the particle deposition rate and efficiency rather than on the size distribution (102).
Simplified Particle Dynamics-There are, however, unique process features during the aerosol synthesis of materials that can simplify the quantitative description of particle dynamics, as summarized here:
1. Typically, precursors react quickly to yield high particle concentrations. As a result, Brownian coagulation dominates aerosol dynamics, rather than nucleation and condensation, which are dominant, for example, with atmospheric aerosols (83).
2.
Such highly concentrated aerosols attain a self-preserving size distribution (SPSD) by coagulation (103) quickly, e.g., by the time they have grown to two to three times their initial size (104) or to the size (a few nanometers) at the end of chemical reaction (105) . As a result, particles obtain a size distribution with a constant number-based geometric standard deviation (105), σ g = 1.44--1.46, even though they continue to grow. Notably, in their legendary paper Granqvist & Buhrman (42) made nanoparticles of ten different metals by inert gas condensation, and all had σ g = 1.48 ± 0.12. Therefore, coagulation dynamics can be followed by a single moment (e.g., the total number concentration, N):
where β is the collision frequency (83) . From the N and a mass balance for the total particle mass or volume concentrations, V, the average particle diameter, d, is:
4.
From d and σ g , the complete particle size distribution can be reconstructed at any process residence time.
3.
When particles do not coalesce upon collision, fractal-like agglomerates (grape-like structures) of radius r g are formed that consist of n p PPs of radius r p following a power law (Equation 1) with D f = 1.8--1.9 (69, 70) . This is attained when n p > 10 (106). The collision frequency of agglomerates can be estimated from the above β for spheres (Equation 3) by replacing d with the agglomerate collision diameter, d c : 5. where A is the total surface area concentration of agglomerates. They also obtain a SPSD, which is slightly broader than that described above for spheres (107) . There is a need, however, for more rigorous expressions for such β values that can be obtained from mesoscale models (Figure 1c ).
4.
When PPs within an agglomerate fuse or sinter, they become aggregates that are more compact than agglomerates (72, 75) , and their surface area, a (= A/N), follows a phenomenological rate (108): where τ s is the characteristic time for sintering and depends on material composition, particle size, and temperature. This is the time needed for particles to reduce their excess surface area (a − a fc ) over that of a sphere of equal mass by 63% (92) . Equation 6 has explained quantitatively the coalescence of nonspherical SiO 2 , TiO 2 , B 4 C, Ag, and PdO (37) by adjusting the parameters of the corresponding τ s to the material composition and/or process configuration (e.g., by lumping fluid mechanics and composition). More rigorous expressions are obtained for particle ensembles by mesoscale (109) and even MD models (87).
5.
The PP size distribution within aggregates narrows as particles sinter in inverse proportion to their size (110), similar to aerosol condensation (83), as sintering rates are inversely proportional to particle diameter.
6.
Turbulence barely affects PPs (111) but affects agglomerate particle size through enhanced coagulation (112), restructuring, and even fragmentation (104) .
These features permit the use of unimodal aerosol dynamics models (113) accounting for reaction, coagulation, and sintering (94) as well as surface growth (74) and even the use of bimodal models (114) that can be readily interfaced with fluid dynamics. This approach works well for the synthesis of particles large enough that coagulation washes out any chemistry effects on product particle sizes. During particle formation, a nucleation and a coagulation mode are formed, and the average particle diameter substantially underpredicts measured particle sizes, as it averages the numerous product molecules (monomers) with molecular clusters or particles. Once particle formation ceases, however, the diameters are within 20% of those predicted by detailed models such as Equation 2 (74).
Chemistry
The chemistry of aerosol formation determines particle composition and crystallinity as well as the mass balance and production rate of the process. In particle manufacture, usually complete reactant conversion is sought, so every effort is made to achieve complete conversion without close attention to its intricate detail. As a result, overall reaction rates in terms of the limiting reactant (precursor) are used in the oxidation of TiCl 4 for production of titania (115) or SiCl 4 for production of lightguide performs by MCVD (116) . These rates can be used to compare characteristic times for chemical reaction with those for turbulent mixing in schemes to estimate equipment-specific formation rates of product. In addition, they are used to determine the temperature and velocity profiles in the reactor and to monitor precursor conversion and avoid precursor breakthrough and condensation to product particles. These overall chemistry models are readily interfaced with fluid and particle dynamics in diffusion flame aerosol reactors for SiO 2 (117) and Cr 2 O 3 (118), in premixed flames for TiO 2 (74), in hot wall reactors for SiO 2 (119) and TiO 2 (120), and for lightguide performs by MCVD. When such reaction rates are extremely fast, it is possible to treat the particle formation as reactant-mixing limited in detailed chemistry and fluid mechanics computational models (117) .
In film synthesis (e.g., CVD of Si) only a fraction of the reactant (e.g., SiH 4 ) is converted because a key process goal is to prevent snow formation and particle deposition that would ruin the film uniformity. As a result, close attention is paid to the chemistry of silane decomposition (121) , and detailed models have been developed to interface silane chemistry and fluid mechanics in various reactor configurations (122, 123) . Recently, more detailed chemistry models have been developed for SiCl 4 hydrolysis in the absence of particles (124) and for TiCl 4 oxidation (125).
In most of these processes, gas-phase kinetics dominate precursor conversion. In the synthesis of carbon black, however, most soot formation takes place via surface growth. Note, however, that approximately half of the precursor is oxidized to pyrolyze the other half to produce carbon black. Nevertheless, the energy released from hydrocarbon oxidation seems to be much larger than that generated by surface growth, as it dominates the reactor temperature-velocity profile and maintains the one-way coupling in simulations of such reactors (11, 126) . In filamentary Ni or Fe metal synthesis by carbonyl decomposition, surface growth is dominant, but external heating by electric elements dominates the process temperature, and again the one-way coupling is preserved (29) .
If the chemistry, however, dominates the process (autocatalysis) or highly ramified particles are formed that influence far more reactor volume than their solid volume fraction, detailed interfacing of particle and fluid dynamics might be needed, as is used in modeling transport phenomena in fluidized beds. This could be the case when high precursor volume fractions (e.g., 10 vol.% SiCl 4 ) lead to production of micrometer-sized agglomerates of fine (<10 nm) nanoparticles (127) .
Fast chemical reactions are typical in the aerosol synthesis of materials. Naturally, they result in high concentrations of product molecules (monomers) and nanoclusters that grow immediately by coagulation, because their critical nucleation size at typical reactor conditions is smaller than that of a single monomer/molecule (111) . But this macroscopic view of coagulation might not be the final answer to the initial growth of nanoclusters (13) . Furthermore, there is keen interest in the early stages of particle formation, as chemistry determines the phase composition of the early clusters. Detailed chemistry computations are used to identify these clusters (13) . But much needs to be done. For example, DFT computations have not yet revealed the rutile promotion effect obtained by doping TiO 2 formation with Al (129), which is observed experimentally (72) and widely practiced in the pigment industry (130) . However, far more chemistry research into this early stage of particle formation is expected. In addition, the development of gas-phase coating or functionalization processes requires a quantitative understanding of the pertinent chemistry on par with that of CVD of films in order to achieve efficient and hermetic particle coatings of controlled smooth or rough texture (58).
Fluid Mechanics
As in all chemical reactors, CFD models give the all-important residence time distribution of particles, especially at high temperatures. This reveals classical pathological problems in the reactor such as recirculation zones or dead volumes. As a result, readily available, commercial CFD software packages are used routinely in industry to design and operate aerosol reactors. They are used also in academia to trace the sources of extreme or unusual product particle characteristics and redesign experiments. For example, highly bimodal size distributions of Bi nanoparticles were traced to premature particle formation and recirculation in the evaporation zone of Bi metal vapor generation, which led to new mixing heads for the hot metal vapor and cooling gas (45) .
Early combinations of CFD and particle dynamics addressed laminar flows. For example, such simulations showed that coagulation increases the size of newly formed silica so that Brownian diffusion no longer dominates particle deposition to lightguide preform walls; this makes thermophoresis the dominant transport mechanism in perform fabrication by MCVD (63) . MCVD is one of the few industrial processes in which detailed aerosol process design was employed all the way down to the production lines. Also, Yu et al. (118) modeled chromium oxide formation by detailed aerosol dynamics in laminar diffusion flames in reasonable agreement with data in the free molecule regime. Bensberg et al. (131) showed that limited radial diffusion of freshly made Si 3 N 4 particles in hot-wall laminar flows led to a broader size distribution than the SPSD.
Most investigations of turbulent reactors rely on Reynolds-averaged Navier Stokes (RANS) turbulence models, either standard k-ε, realizable k-ε (132), or Reynolds stress model (RSM) (133) . The RSM is more demanding, as it adds six additional equations to the solution, whereas the k-ε models require only two. However, it often returns more accurate results, such as with swirling flows (134) , whereas the realizable k-ε leads to better results than the standard k-ε and resolves the round-jet anomaly (132) . Direct numerical simulation (DNS) describes turbulence flows most accurately by accounting for all of their length and time scales. Therefore, the grid must be fine enough to resolve the smallest length scale of turbulence, the Kolmogorov scale η, and be large enough to describe the characteristic size of the simulated geometry. The extremely high computational demand of DNS confines it to local problems such as boundaries between different flows or simple jet configurations. Thus, coagulation of nanoparticles in 2D, incompressible, isothermal mixing layers of coflowing streams of different velocities has been investigated by DNS in combination with moment (lognormal) representation of the particle size distribution (139) to reveal concentration gradients inside the turbulence eddies.
Large eddy simulations (LESs) are less demanding than DNS but more demanding than RANS models because LESs resolve the large-scale motion of the turbulence exactly, but models are applied to the unresolved subgrid-scale turbulence. LESs of planar jets have shown that large eddies distort the homogeneous particle concentration fields, but eddies that merge together result again in more homogeneous fields (140) . Recently, LES has been combined with moment models (101) and detailed chemistry (125) to simulate (141, 142) titania formation in classic diffusion flames (143) without accounting for sintering.
Fluid and particle dynamics can guide quite effectively the design of novel aerosol processes, such as the in-situ coating of freshly made nanoparticles, when rather few experimental data are available. For example, the process variables (mixing of core aerosol with shell precursor vapor) that affect most effectively the hermetic coating of titania particles by nanothin silica films were identified (58), which facilitated efficient experimentation and screening of potential reactor configurations.
CONCLUDING REMARKS
There is no doubt that aerosol technology has contributed decisively to the development of many products and business sectors to create value and jobs. It is fascinating to see the creation of new aerosol products and scalable processes, especially in connection to nanotechnology and life sciences. Synthesis of a spectrum of heterogeneous catalysts by aerosol technology is rapidly gaining traction even in industrial settings (e.g., at JohnsonMatthey). Also, an array of biomaterials for dental prosthetics and bone replacements are under development and evaluation with animals. Spinoff companies are making functionalized cobalt-and iron-based magnetic nanoparticle suspensions that are broadly used in biosystems. Nanosilver made in flames is incorporated in polymer films and fibers for textiles to take advantage of its antibacterial and antiseptic properties. Furthermore, aerosol-made nanominerals (Fe, Zn, Ca, Mg) that can be readily dissolved in the low pH of the stomach are being evaluated as nutritional supplements (28) . Patterned aerosol deposition of nanostructures (spots or lines) on select substrates creates the opportunity to build memory devices (144) , Li battery electrodes (145) , and highly selective gas sensors for acetone vapor in the human breath for monitoring diabetes (146) .
For both established and budding applications, efficient process design is essential for industrial implementation of aerosol technology. This design is challenging because it involves solids processing that is far more complex than dealing with gases or liquids. The reactive turbulent flows and highly concentrated aerosols with filamentary or fractal-like particle structure pose the major hurdles. Unsurprisingly, most of the early process development for manufacture of carbon blacks, pigmentary titania, and fumed silica relied on evolutionary research and empiricism in the mid-to late twentieth century. In contrast, manufacture of optical fibers by thermophoretic aerosol deposition of successive layers of graded refractive index silica from laminar flows relied on solid chemical engineering in the mid-1980s. This shows clearly that when the science is accessible, industry will use it.
In the past 20 years, mostly academic research has addressed these challenges, making aerosol process design far more attractive by sound aerosol science and technology. Most notably, the high particle concentrations make coagulation the dominant aerosol phenomenon, in stark contrast to environmental aerosols for which nucleation, condensation, or surface growth dominate aerosol formation and transport. This assures a rapid attainment of the SPSD which in turn permits describing the particle size distribution by a single moment. That way aerosol particle dynamics are greatly simplified and efficiently incorporated into fluid mechanics simulations to elucidate aerosol processes in detail. In this way the effect of process variables on product aerosol characteristics can be unraveled for efficient process design and operation.
The dominance of coagulation also simplifies the description of chemistry during the aerosol synthesis of materials because coagulation is forgiving and forgetting uncertainties in early process stages. Although precursor chemistry plays a critical role in early formation of the crystalline structure and/or composition, it tends to have little influence on the final product characteristics, as the chemistry tends to be completed rather quickly compared with particle growth. In addition, the formation of multicomponent particles with combined functionalities is quite challenging because the properties of mixed materials are difficult to determine a priori.
Furthermore, the extent of aggregation of the fractal-like structures is traced to the relative rates of particle coagulation and coalescence. Although the coalescence rate is not understood as well as the collision rate of spherical particles, phenomenological expressions (when available) allow for a quantitative description of the evolution of clusters of loosely attached particles (agglomerates) to hard-or sinter-necked ones (aggregates), to fully compact or fused ones (e.g., spheres), to many ceramic and metal particles. This is an area of active research, as the sintering rates of powder compacts can be used as a starting point for the coalescence rate of unconstrained particles in the gas phase. Clearly, distinct differences exist between packed particle beds undergoing coarsening in conventional sintering ovens and particle ensembles free flowing through an aerosol reactor.
The intimidating irregular structure of agglomerates can be characterized by power laws, which capitalizes on advancements in fractals. In particular, diffusion-limited and ballistic cluster-cluster agglomeration are quite similar to the coagulation of noncoalescing particles with a well-defined fractal dimension, D f = 1.8--1.9, and preexponential factor, k = 1.4.
High particle concentrations mean that Brownian coagulation is the dominant particle growth mechanism. This leads to particles with a size distribution with a well-defined shape, the SPSD. The formation of sinter-bonded aggregates facilitates the narrowing of the size distribution of their constituent PPs, similar to aerosol condensation, as the sintering rate is also inversely proportional to particle size. This enables aerosol-made materials to perform similarly to wet-made monodisperse particles; for example, absorption spectra shift with decreasing ZnO crystal size without any size segregation (147).
In summary, although a lot needs to be learned in this interface of physical chemistry, mathematics, and materials science, enough is known to make sophisticated nanomaterials on a large scale by aerosol processes using sound chemical reaction engineering and principles of aerosol particle technology. Plenty of design tools at various levels of complexity await to attract and challenge chemical and process engineers: Classic continuum, mesoscale, MD, and even quantum mechanics models address topics from industrial-level reactive processes down to the electronic state of molecules. The choice and application of such models depends on the end use of the product and the current state of knowledge of its properties.
Nanoparticles and Health
Nanoparticles are of great interest in life science systems and applications. On the one hand, nanoparticles are potentially hazardous in lungs and cells because of their size, shape, solubility, and concentration (148); on the other hand, they are promising as therapeutics (thermal cancer treatment), diagnostics (contrast agent for tomography), and curing agents (drug delivery). Laboratory and workplace safety requires continuous monitoring with appropriate devices to measure the particle concentrations governing the health risks (e.g., number, surface area, volume) (149) . Furthermore, the health effects of engineered nanoparticles must be investigated with realistic particle morphologies and concentrations (150) .
The established knowledge on nanoparticle growth and properties in aerosol processes provides the groundwork for understanding the fate of nanoparticles in biological and health-related systems. Existing multiscale models and simulations can provide insight into nanoparticle transport properties in cells and across cell walls, solubility in cell plasma, shape, and morphology, all of which are directly related to their toxicity.
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TERMS AND DEFINITIONS LIST
Fractal-like particles
ensembles of clusters for which the number of constituent particles and gyration radius (or collision diameter or mobility diameter) follows a power law LES large eddy simulation
Molecular dynamics (MD)
simulations that describe the motion of single atoms with interatomic potentials Nanocluster a cluster of atoms with size smaller than ~1 nm, at which size properties begin to depend on the discrete number of atoms Nanoparticle particle with characteristic size between 1--100 nm, at which properties can start to differ from bulk ones considerably
Primary particle (PP)
basic particle for building larger fractal-like particles composed of one or several crystal grains. Their size determines properties such as opacity, superparamagnetism, and melting point Overview of the time and length scales for continuum, mesoscale, molecular dynamics (MD), and quantum mechanics models of the aerosol synthesis of materials. The upper boundary of each model is defined mostly by computational demands, whereas the lower boundary is fuzzier, and areas can overlap. The arrows between the models indicate exchange of information between them. Insets show representative model results of (a) the effect of mixing aerosol and precursor vapor on in-situ coating of flame-made TiO 2 , Ag, or The process cycle of aerosol manufacturing starts with the preparation of raw materials by mining and refining ores or by using recycled gases and liquid precursors. Reactors transform these raw materials into nanomaterials through aerosol processes driven by high temperatures, which are followed by cooling to stop nanoparticle growth. Depending on the desired product properties, particles are collected from the gas phase immediately or are conditioned by aerosol coating and/or functionalization steps. Particles are stored and packaged depending on customer needs, whereas the gases are cleaned and where possible recycled from the same process (e.g., chlorine for extraction of titanium from its ore) or sold as products. Overview of aerosol growth by coagulation and sintering showing the evolution of primary particle (PP) diameter, d p (blue solid line), and agglomerate collision diameter, d c (blue dashed line), with a typical temperature profile (red dash-dot line) (127) along with the relative magnitude of the characteristic times of coagulation, τ c , and sintering, τ s . The evolution can be divided into three stages: full coalescence (τ c >> γ s ), aggregation (τ c ~ τ s ), and agglomeration (τ c << τ s ); the first and second stages determine the PP and average aggregate sizes, whereas the second and third stages determine the agglomerate size (64 
RANS
Reynolds-averaged Navier-Stokes
RSM
Reynolds stress model
